A recent paper [Go et al., Phys. Rev. Lett. 121, 086602 (2018)] proposed that the intrinsic orbital Hall effect (OHE) can emerge from momentum-space orbital texture in centrosymmetric materials. In searching for real materials with strong OHE, we investigate the intrinsic OHE in metals with small spin-orbit coupling (SOC) in face-centered cubic and body-centered cubic structures (Li, Al, V, Cr, Mn, Ni, and Cu). We find that orbital Hall conductivities (OHCs) in these materials are gigantic ∼ 10 3 − 10 4 (h/e)(Ω · cm) −1 , which are comparable or larger than spin Hall conductivity (SHC) of Pt. Although SHCs in these materials are smaller than OHCs due to small SOC, we found that SHCs are still sizable and the spin Hall angles may be of the order of 0.1. We discuss implications on recent spin-charge interconversion experiments on materials having small SOC. 
I. INTRODUCTION
The spin Hall effect (SHE) refers to a phenomenon where an external electric field drives a transverse spin current, leading to boundary accumulation of the spin. [1] [2] [3] [4] [5] In combination with its reciprocal phenomenon called the inverse SHE, it allows for electrical generation and detection of the spin, which is essential for spintronic device applications. [6] [7] [8] In heavy elements, such as Pt and Ta, the SHE can be used to inject the spin current to an adjacent ferromagnetic layer and control the magnetization direction electrically. 9, 10 The large SHE in these materials is attributed to an intrinsic mechanism [11] [12] [13] [14] [15] [16] which does not rely on impurity scatterings.
However, theoretical understanding of the intrinsic SHE is rather limited, especially for centrosymmetric materials. Murakami et al. showed that hole-doped GaAs exhibits intrinsic SHE from the Luttinger model. 17 Nonetheless, it cannot explain the sign change of the spin Hall conductivity (SHC) observed in first-principles calculation. 18 Moreover, it is not straightforward to generalize its mechanism to other centrosymmetric materials. On the other hand, Tanaka and Kontani et al. performed systematic study on 4d and 5d transition metals from the tight-binding (TB) model and succeeded in explaining a Hund's rule type behavior of the SHC. 11, 12 They attributed its mechanism to the orbital Hall effect (OHE) originating from the orbital Aharonov-Bohm effect. 11, 12 However, its relation to the electronic structure is not yet clear, i.e. how to engineer the band structure to enhance the OHE and SHE. Also, since the crystal field destroys orbital angular momentum, which is called the orbital quenching, 19 it is not certain whether the OHE would lead to any observable effect such as boundary accumulation.
Despite numerous studies from both model 11, 12, 17, 20 and first-principles 13, 14, 18 calculations, there has been yet no simple and general quantum mechanical model of the intrinsic SHE for bulk centrosymmetric materials until very recently. With the above issues in mind, we recently showed that momentum-space orbital texture can give rise to the intrinsic OHE. 21 The OHE in combination with spin-orbit coupling (SOC) generate the SHE as well since SOC correlates spin and orbital degree of freedom, 21 which was already pointed out in Refs. 11, 12, and 22. The orbital-texture-based mechanism not only enables microscopic understanding of the intrinsic OHE and SHE, but also provides alternative understanding of the orbital Aharonov-Bohm effect picture in Refs. 11, 12, and 22. More importantly, the orbital-texture-based mechanism can naturally explain the stability of the intrinsic OHE against the orbital quenching. 21 Now that a general principle of the intrinsic OHE is understood, it is desirable to find real materials exhibiting large orbital Hall conductivity (OHC) to provide a guideline for an experimental observation.
Before proceeding further, we define what we mean by the OHE in this paper. We refer to the OHE as a flow of the orbital angular momentum defined around atoms at each lattice to a perpendicular direction of an external electric field [ Fig. 1(a) ]. Note that our definition of the orbital angular momentum excludes a contribution from the itinerant circulation. 23, 24 Instead, we consider localized orbitals around atomic core, i.e. |d zx and |d yz states. Although these cubic harmonic states carry no orbital angular momentum in equilibrium, an external electric field induces hybridization of different orbitals, such as |d zx ± i |d yz , leading to finite orbital angular momentum in nonequilibrium. Then we find that the states with the opposite signs of orbital angular momentum travel to the opposite directions as schematically shown in Fig. 1(a) .
In this paper, we first demonstrate the orbital-texture-based mechanism 21 for the example of Pt, one of the sd metals. In Pt, the orbital texture from the d orbitals is crucial for the OHE [ Fig. 1(b) ]. By tuning SOC strength of Pt, a correlation between the OHE and SHE is discussed. We emphasize that large SOC does not always guarantee large SHC because it may decrease the OHC. We next consider materials with small SOC (Li, Al, V, Cr, Mn, Ni, and Cu). We find that the OHCs in these materials are in general gigantic ∼ 10 3 − 10 4 (h/e)(Ω·cm) −1 , which are comparable or larger than the SHC of Pt ∼ 2000 (h/e)(Ω · cm) −1 . Although these materials have weak SOC, we find that their SHCs are as large as ∼ 10 2 (h/e)(Ω · cm) −1 , which is not negligible thus experimentally measurable. Such sizable SHCs in weak SOC materials may appear counterintuitive but are natural in view of Ref. 21 , which reports that in centrosymmetric materials, the OHE is more fundamental than the SHE and the SHE is converted from the OHE by SOC. Thus if the OHCs are gigantic, the converted SHCs can be sizable even when SOCs are weak. Recent experiments have found that spin Hall an- The angular momentum L is defined from localized orbitals around the atom at each lattice. In the presence of an external electric field E, electrons with opposite L deflect in the clockwise (red arrow) or anticlockwise (green arrow) direction. (b) Illustration of the mechanism of the intrinsic OHE based on the momentum-space orbital texture. Shifting of the Fermi surface induces dynamics of the orbitals, generating finite Lz . Since the dynamics of the orbitals occurs in the opposite way for positive and negative ky's, induced Lz is positive(negative) for a state with positive(negative) ky, which results in the OHE.
gles (SHAs) in weak SOC materials, such as V, 25 Cr, 26 Ni, 27 Py, 28 and CuO x 29,30 can be substantial. We discuss possible explanations of such large SHAs in these materials based on our calculation. This paper is organized as follows. In Sec. II, the methods employed in this work are explained. In Sec. III, we demonstrate how the orbital-texture-based mechanism works for d orbital systems. We consider Pt as an example in detail. In Sec. IV, we present the numerical results of the OHC and SHC for materials with small SOC: Al and Li as examples of the sp metals and V, Cr, Mn, Ni, and Cu as examples of the sd metals. In Sec. V, we discuss the result from our numerical calculation and its implications for recent experiments. [26] [27] [28] [29] [30] Finally, Sec. VI summarizes the paper.
II. METHODS

A. Tight-binding model
We employ a TB model description to calculate energy bands and corresponding electronic wave functions of solids. Using atomic orbital basis in cubic harmonics, such as s, 
since SOC is most dominant near the atomic nuclei. 33 Here, λ l is the magnitude of the SOC from the l orbitals (l = s, p, d), and L (l) is the orbital angular momentum operator of l orbitals near nuclei, which is defined with respect to atomic centers. For example, a matrix representation of
with basis states |p x , |p y , |p z . Similarly, a matrix representation for
with basis states |d z 2 , |d x 2 −y 2 , |d xy , |d yz , |d zx . Trivially, L (s) = 0. In order to check the accuracy of the TB model, we compare the band structure obtained from the TB model and the density functional theory (DFT) calculations, and find a good agreement near the Fermi energy. Figure 2(a) shows the comparison for face-centered cubic (fcc) Pt, for example. For further details of the calculation, see Appendix.
B. Kubo formula
In order to calculate OHC (σ OH ) and SHC (σ SH ), we employ the Kubo formula within the linear response theory:
where f nk is the Fermi-Dirac distribution function, |u nk is a periodic part of the Bloch state whose energy eigenvalue is E nk , v x is x-component of the velocity operator, and j
Xz y
is y-component of the orbital(spin) current operator j 
III. MECHANISM
The orbital-texture-based mechanism of the OHE and SHE was recently reported but it was illustrated mainly for p orbital systems. In this section, we demonstrate that the orbitaltexture-based mechanism presented in Ref. 21 works for d orbital systems as well. For demonstration, we consider Pt, one of the well-studied materials for its large SHC. 7, 13, 16 A. OHE from the orbital texture
In a multi-orbital system, hybridization between different orbitals leads to variation of the orbital characters with respect to k. This momentum-space orbital texture is ubiquitous in centrosymmetric materials. It can be clearly seen that the orbital characters change with k. From this observation, we can make a toy model. Assuming a spherical shape Fermi surface, one can model this situation as radial and tangential type orbital textures. For example, in the k x k y -plane, a state with the tangential orbital character is written as |u Fig. 1(b) , tangential orbitals are shown on top of the Fermi surface in the k x k y plane. Note that the expectation value of the orbital angular momentum is zero for the tangential state in equilibrium, which is a manifestation of the orbital quenching. 19 Application of an external electric field E = E xx shifts the Fermi sea by ∆k x = −eE x δt/h. Since this process occurs in a time δt shorter than the momentum relaxation time caused by impurity scattering, it is intrinsic. Since the shifted state in nonequilibrium is not an eigenstate, the orbital character starts to change, hybridizing with other orbital character bands, i.e. a radial character band, |u (r) k = sin θ k |d yz +cos θ k |d zx . As a result of the hybridization, the nonequilibrium state for each k acquires positive or negative L z depending on whether its k y is positive or negative as shown in Fig. 1 (b). Although total angular momentum is zero when summed over all occupied states due to spatial inversion and time-reversal symmetries, the orbital Hall current ∼ L z v y + v y L z /2 is finite. This illustrates the mechanism of the OHE based on the momentumspace orbital texture in d orbital systems.
B. OHC and SHC of Pt
As a prototypical example of the d orbital system, we consider the intrinsic OHE and SHE of fcc Pt in detail. In Figs. 3(a) and 3(b), the OHC and SHC are shown as a function of the Fermi energy E F , respectively, for orbital hybridization strengths with respect to its real value (100%). The SHC of fcc Pt as a function of E F [red line (100%) in Fig. 3(b) ] is in good agreement with the first-principles calculation result, 13 which verifies the reliability of the SHC calculation from a TB model. The orbital hybridization strength is controlled by varying orbital-mixing hoppings (see Appendix for details). The orbital hybridization strength is responsible for forming the orbital texture. If there is no orbital hybridization (0%), we find that both OHC and SHC are zero because the orbital texture is absent [ Fig. 3 ]. Red curves in Figs. 3(a) and 3(b) show the OHC and SHC for 100% orbital hybridization. In this case, we find that σ OH ≈ 2700 (h/e)(Ω · cm)
and σ SH ≈ 2000 (h/e)(Ω · cm) −1 for the true Fermi energy (horizontal dashed line). The large SHC in Pt is consistent with other theoretical calculations 11, 13 and experimental results. 16, 34 Under gradual decrease of the orbital hybridization strength, we observe that both OHC and SHC monotonically decrease [ Fig. 3 ]. From this, we conclude that the orbitaltexture-based mechanism gives the most dominant contribution to the intrinsic OHE and SHE in Pt.
The role of SOC is to convert the OHE into SHE. Thus, we investigate SOC dependence of the OHC and SHC, and their correlations. We vary λ d in Eq. (1) in our calculation because λ s does not contribute to SOC and λ p does not affect the result because p states are at least 5 eV above the Fermi energy. In the below, we shortly write λ d as λ. Figures 4(a) and 4(b) respectively show the OHC and SHC when λ is smaller than the real value λ ≈ 0.27 eV. We find that in the small λ regime the OHC barely changes, while the SHC increases monotonically with increasing SOC. Note that the OHE occurs in the absence of SOC, whereas the SHE does not. Meanwhile, Figs. 4(c) and 4(d) respectively show the OHC and SHC when λ is larger than the real value. In the large λ regime, interestingly, the OHC experiences a drastic change. As λ increases, the height of the peak for the OHC becomes smaller and the position of the peak shifts [ Fig. 4(c) ]. This is because the band structure is largely deformed by strong SOC. Consequently, as λ increases, the OHC increases when E F > 0 and decreases when E F < 0. At true E F , which is zero, the OHC happens to be stable with respect to SOC. The Fermi energy being at this borderline appears to be accidental. For the SHC in the large SOC regime, the heights of the peaks of the SHC do not increase further even for larger λ [ Fig. 4(d) ]. This is because a correlation between the orbital and spin saturates, forming a total angular momentum (J = L + S) state. Although the heights of the peaks saturate, the SHC can show different behaviors at the Fermi energy because the positions of the peaks change.
Above results imply that large SOC does not necessarily guarantee larger SHC, and it depends on details of the band structure and the location of the Fermi energy. To illustrate this point, in Fig. 5(a) , we plot the OHC and SHC with respect to λ when the valence electron density is fixed to ρ = 10 electrons per unit cell, which corresponds to true density of Pt. When λ = 0, the SHC (red line) is zero but the OHC (blue line) is finite, which is expected because the OHE can occur even in the absence of SOC while the SHE requires SOC. As λ increases from 0, the SHC increases rapidly until λ ≈ 0.3 eV, where it saturates to ∼ 2000 (h/e)(Ω · cm) −1 . For Pt, true SOC constant (shown in black dashed line) λ ≈ 0.27 eV is located at the start of the saturation point. This explains large SHE of Pt observed from experiments. 7, 15, 16 For exceptionally large SOC regime where λ > ∼ 1.0 eV, however, the SHC starts to decrease weakly. On the other hand, the OHC keeps increasing as λ increases although the increase is weak for λ > ∼ 0.3 eV. In the inset, the ratio of the SHC over the OHC is shown, which can be interpreted as how much of the OHE is converted into the SHE by SOC. The conversion efficiency increases until λ ≈ 0.3 eV and saturates to ∼ 0.8. For extremely large SOC regime, the conversion efficiency decreases slightly. However, SOC dependences of the OHC and SHC can differ depending on the Fermi energy. In Fig. 5(b) , the OHC and SHC are shown for valence electron density ρ = 5 electrons per unit cell. In this case, the OHC decreases dramatically for increasing λ. While the SHC increases monotonically in small SOC regime, it starts to diminish for large SOC because the SHE is converted from the OHE which is decreasing with λ. 
IV. OHE AND SHE IN WEAK SOC METALS
In the previous section, we showed that the OHE can arise in the presence of the momentum-space orbital texture, even without any aid from SOC. We also showed that the SHC increases rapidly for increasing SOC strength λ especially when λ is small. This implies that even when SOC is not significantly large, the OHC may be as large as the SHC of heavy metals, and the SHC may be non-negligible. In this section, we present results for metals with small SOC in body-centered cubic (bcc) (Li, V, Cr, Mn) and fcc (Al, Ni, Cu) structures. We present the results for sp metals (Li, Al) and sd metals (V, Cr, Mn, Ni, Cu) in order. 
A. sp metals: Li, Al
Although Li is an alkali metal, the p character is as large as the s character near the Fermi energy [ Fig. 6 ]. Thus, the sp hybridization induces an orbital texture and the OHE can emerge. 21 Figures 7(a) and 7(b) show the band structure and the OHC and SHC for bcc Li. The SHC is almost zero due to very tiny size of SOC, while the OHC is large σ OH ≈ 800 (h/e)(Ω · cm) −1 . We attribute sizable magnitude of the OHC to the sp hybridization. 21 We notice that a peak of the OHC is located around 2 eV above the Fermi energy. This implies that the OHC can be further enhanced by finding a material having similar band structure with larger electron density, i.e. by alloying. Although Be has one more electron than Li, it cannot be such a material since it has a different crystal structure (hexagonal close-packed (hcp) structure) unfortunately and has qualitatively different band structure.
For Al, the band structure is shown in Fig. 7(c) , where there are p character bands hybridizing with the s character band (band bottom around E = −11 eV near Γ) around the Fermi energy. The OHC and SHC for Al are displayed in Fig. 7(d) . Similar to the case of Li, the SHC is almost negligible σ SH ≈ 30 (h/e)(Ω · cm) −1 , while the OHC is large σ OH ≈ −700 (h/e)(Ω · cm) −1 . Similar to Li, the large OHC of Al is attributed to the sp hybridization. Most studies on the SHE so far have focused on 4d and 5d transition metals because large SOC in these materials tends to generate large SHE. [11] [12] [13] [14] [15] [16] For 3d transition metals, on the other hand, theoretical study is limited 14 despite the fact that several experiments have reported that 3d transition metals such as V, 25 Cr, 26 Ni, 27 and Py 28 exhibit large SHAs. This motivates us to study the OHE and SHE in 3d transition metals. We present results of the OHC and SHC for sd metals, V, Cr, Mn in bcc structures and Ni, Cu in fcc structures. In these materials, the orbital texture arising from the d orbital degree of freedom is crucial for the OHE as explained in Sec. III. In Fig. 8 , the OHC (blue square) and SHC (red circle) are shown for these elements in the increasing order of the atomic number Z. We find that the OHCs are in general gigantic σ OH ∼ 10 3 − 10 4 (h/e)(Ω · cm) −1 . This result is similar to 4d and 5d transition metals.
11 Surprisingly, in spite of small SOC, 3d transition metals exhibit sizable magnitude of SHC, σ SH ∼ 10 2 (h/e)(Ω · cm) −1 . Especially, the SHC of Ni is exceptionally large, σ SH ∼ 10 3 (h/e)(Ω · cm) −1 , which is comparable to the SHC of Pt. Its origin will be explained in detail in the Discussion section.
First, we present the results for V, Cr, and Mn, which are adjacent to each other in the periodic table. We assume bcc structure for these elements. Although Mn can have α-Mn structure, bcc structure can also be stabilized. While Cr shows antiferromagnetic ordering at room temperature with the Néel temperature T N = 311 K, 35 we assume a paramagnetic phase because a recent experiment has reported that the SHE in Cr is independent of the antiferromagnetic ordering. 26 The band structures of V, Cr, and Mn, and their OHCs and SHCs as a function of the Fermi energy are shown in Fig. 9 . It is interesting to see that overall shapes of the band structures [Figs. 9(a), 9(c), 9(e)] and the Fermi energy dependences of the OHC and SHC [Figs. 9(b), 9(d), 9(f)] resemble each other. This is because valence electron orbitals and their hoppings are almost similar. The major difference between V, Cr, and Mn is the electron density and the location of the Fermi energy. We find that OHC for V is surprisingly large σ OH ≈ 5800 (h/e)(Ω · cm) −1 . However, its Fermi energy is still below the peak. Thus, it can be further enhanced when the Fermi energy increases about 2 eV. Since Cr and Mn have more valence electrons than V, the OHC at the Fermi energy is approaching the peak [Figs. 9(d) and 9(f)]. The OHCs in these elements are gigantic, σ OH ≈ 8200 and 9200 (h/e)(Ω·cm) For fcc crystals, we consider Ni and Cu. For Ni, we assume a ferromagnetic phase since its Curie temperature is T C = 627 K, 35 which is above the room temperature. In Fig. 10 , the . The OHCs are large for these elements, σ OH ≈ 2300 and 1200 (h/e)(Ω · cm) −1 for Ni and Cu, respectively. Interestingly, Ni exhibits unexpectedly large SHC σ SH ≈ 1200 (h/e)(Ω · cm) −1 , which is about the same order of magnitude as Pt. On the other hand, Cu has much smaller SHC σ SH ≈ 30 (h/e)(Ω · cm) −1 . These results can be understood in the same manner as the case of bcc crystals. The OHC and SHC of Ni are larger than those of Cu, because the Fermi energy of Ni is closer to the peak positions of the OHC and SHC.
V. DISCUSSION
We have shown that the intrinsic OHE exists in many multiorbital systems even though SOC is small. However, the orbital texture cannot be formed in the s orbital system, thus there is no OHE in materials where the s orbital character dominates near the Fermi energy. As an illustration, we consider Cs. In Fig. 11 , orbital-resolved density of states for Cs is shown. We see that major orbital character at the Fermi energy is coming from the s orbital. For this reason, the OHC for Cs is much smaller, σ OH ≈ 180 (h/e)(Ω·cm) −1 , compared to the materials we considered in this paper. Consequently, the SHC is nearly zero as well.
In Sec. IV B, the OHC and SHC of 3d transition metals were presented [ Fig. 8 ]. Here, we compare our results with 27 Both theory and experiment agree that the SHA of Cr is about 5 times larger than SHC of V. In case of Mn, the comparison with the experiment is tricky since our calculation in Figs. 9(e) and 9(f) is for bcc structure whereas the experiment was probably performed for the α-Mn structure. If we ignore this diffrence, there is a discrepancy between calculation and experiment.
References 27 and 28 reported exceptionally large SHAs of Ni and Py (which contains 80% of Ni and 20% of Fe), about half of the SHA of Pt. In our calculation, we have also seen that the SHC of Ni is large, σ SH ≈ 1200 (h/e)(Ω · cm) ] are very similar to those of Ni and Pd, respectively. Moreover, electron density is optimal, where the Fermi energy is located at the peak of the SHC for Ni, Pd, Pt. These make the intrinsic SHE of Ni, Pd, Pt large.
However, for Ni, the width of the SHC peak near the Fermi energy is narrower than the corresponding SHC of Pt due to smaller energy splitting caused by weak SOC. Then the SHC would be more unstable against peak broadening from impurity scatterings. In order to check this, we calculate the OHCs and SHCs of Ni, Pd, and Pt by replacing η in Eq. (4a) to finite values. It corresponds to a self-energy correction of the OHC or SHC in the presence of disorder potential in the scale of η. Figures 12(a)-(f) show that the OHC and SHC peaks are reduced in general as η increases. However, the OHC of Ni is stable due to the accidental position of its Fermi energy, as shown in Fig. 12(a) . Additionally, Pd and Pt show . This tendency is in line with their SOC strengths, λ = 0.045 eV, 0.092 eV, 0.27 eV. Therefore, the SHCs of Ni, Pd, and Pt decrease with increasing η, and Ni shows the largest decrease among them. Another source of η is the electron-phonon scattering. At room temperature, η due to the electron-phonon scattering is comparable to the thermal energy k B T = 0.025 eV. Considering that the peak width of the SHC of Ni is at least 10 times broader, the large SHC of Ni can be stable with respect to the electron-phonon scattering. We found that the SHC is still large, σ SH ≈ 990 (h/e)(Ω · cm) Recent experiments demonstrated that the SHE in Cu can be significantly enhanced by surface oxidation. 29, 30 This is surprising because the SHC of unoxidized Cu is small σ SH ≈ 30 (h/e)(Ω · cm) −1 according to our calculation. One possible factor that may contribute to the experimental results 29, 30 is the Fermi level lowering by the oxidation. Upon such lowering, the electronic configuration of Cu becomes similar to Ni, where the peak of the SHC is located at the Fermi energy. For instance, if Cu atom loses 0.5 electron per unit cell, then the Fermi level would lie near −1.5 eV below the true Fermi energy [ Fig. 10(c)] . Then, the SHC becomes σ SH ≈ 150 (h/e)(Ω·cm) −1 [ Fig. 10(d) ]. Since SOC strengths of Cu and Ni are similar to each other, the peak heights of the SHC are also similar. Therefore, we expect that novel engineering of band filling by oxidization would provide a route to enhancing the OHE and SHE.
Finally, we discuss how to observe the OHE in experiments. The most direct way of measuring the OHE(SHE) would be to probe the boundary accumulation of the orbital(spin) moments. For separating the signals from the spin and orbital, x-ray circular magnetic dichroism measurement and the sum rule can be applied. 36, 37 The magneto-optical Kerr effect (MOKE) can also be used for measuring the OHE similar to the measurement of the SHE. 34, [38] [39] [40] However, MOKE cannot distinguish the signals from the orbital and spin. In this sense, experiments on materials having small SOC have great advantage. In these materials, the OHE dominates over the SHE and it is unlikely that the SHE gives any significant contribution, thus one could detect the OHE more easily compared to strong SOC materials where both OHE and SHE coexist.
VI. SUMMARY
We have demonstrated that the orbital-texture-based mechanism for the intrinsic OHE applies to real materials as well. For illustration, we considered Pt and found that the orbital hybridization is crucial for generating the OHE and SHE since it is responsible for forming the orbital texture. By varying SOC strength in Pt, we found that while the SHC is proportional to SOC strength in the small SOC regime, larger SOC does not necessarily enhance the SHC in the large SOC regime. The reason is that large SOC may decrease the OHE by modifying the band structure thereby reducing the orbital texture. As well as Pt, we considered many metallic systems having small SOC, Li and Al as examples of the sp metal and V, Cr, Mn, Ni, Cu as examples of the sd metal. We found gigantic OHCs in these materials. For sd metals, we found that the SHCs are not negligible although they are smaller than OHCs. This could explain the large SHAs observed from experiments on many 3d transition metals. [25] [26] [27] [28] [29] [30] Our finding not only enriches understanding of the intrinsic OHE and SHE, but also widens material choice to weak SOC materials for spintronics. Moreover, our microscopic analysis based on the electronic band structure provides a route to enhancing these effects, i.e. by tuning the electron density with oxidization. Since the orbital degree of freedom is ubiquitous in solids, utilizing the orbital degree of freedom in transport phenomena will open a plethora of orbitronics. fits into the DFT result.
We performed self-consistent DFT calculations of the electronic structure for each element using FLEUR code, 43 which implements the FLAPW method. 44 Exchange and correlation effects were treated within the generalized gradient approximation. 45 We sampled the irreducible Brillouin zone using 16 × 16 × 16 k-mesh grid. SOC was included selfconsistently within the second-variation scheme.
